INTRODUCTION S
omatosensory information is somatotopically represented in the primary somatosensory cortex. Neurons in the primary somatosensory cortex receive not only non-noxious cutaneous input, but also nociceptive input (Kanda et al., 2000) . Orofacial sensory inputs project to the lateral area of the primary somatosensory cortex (Penfield and Boldrey, 1937; Nakahara et al., 2004; Suzuki et al., 2004; Bessho et al., 2007) .
One human electroencephalographic study demonstrated cortical potentials in response to painful electrical stimulation of dental pulp with a first-peak latency of 84 ms, suggesting activation of the secondary somatosensory cortex by intradental A-delta neurons (Chatrian et al., 1975) . In a magnetoencephalographic study (Hari et al. 1983) , the current source at a peak latency of 100 ms in somatosensory-evoked magnetic fields following noxious electrical dental pulp stimulation was also located at the secondary somatosensory cortex. In cat and monkey studies, the dental pulp representation area in the primary somatosensory cortex played an important role in sensory discrimination and recognition of localization and intensity of stimuli applied to dental pulp (Chudler et al., 1985; Matsumoto et al., 1987 Matsumoto et al., , 1989 Iwata et al., 1990) . However, no electroencephalographic or magnetoencephalographic human studies have investigated early neuronal cortical responses to dental pulp stimulation resulting in activation of the primary somatosensory cortex. Therefore, the precise location of the cortical representation area of dental pulp in the primary somatosensory cortex in humans remains unclear.
To elucidate the feasibility of precisely mapping the dental pulprepresenting area in the human primary somatosensory cortex, we examined spatial and temporal cerebral activation patterns of short-latency responses reflecting fast-conducting sensory afferents following electrical stimulation of dental pulp. We recorded somatosensory-evoked magnetic fields using magnetoencephalography, a proven technique in identifying neuronal current sources in the primary somatosensory cortex, with excellent spatial and temporal resolution (Rossini and Traversa, 1990; Baumgartner et al., 1991; Hämäläinen, 1992; Kawamura et al., 1996; Tesche and Karhu, 1997) .
MATERIALS & METHODS
Seven right-handed, healthy men (mean age, 28 yrs; range, 25-35 yrs) were studied, with prior written informed consent. The study was approved by the Ethics Committee of our institute and was in accordance with the Declaration of Helsinki.
To record cortical somatosensory-evoked magnetic fields, we electrically stimulated dental pulp through intact enamel by a pair of specialized silver electrodes on the occlusal surface of the right intact maxillary first premolar under rubber dam isolation (Fig. 1) . The median nerve at the right wrist was also stimulated to obtain control responses. Electrical stimulation consisted of a constant current square pulse delivered at 1 Hz, lasting 0.5 ms for dental pulp and 0.2 ms for the median nerve, and approximately two times the sensory threshold strength. This intensity was confirmed to produce non-painful sensations in both the tooth (0.8-2.0 mA; Chatrian et al., 1975; Condes-Lara et al., 1981; Lekić and Cenić, 1992) and the wrist. Furthermore, we recorded somatosensory-evoked magnetic responses following electrical stimulation of a devitalized tooth (n = 2),
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We used a 306-channel neuromagnetometer (Vectorview, Elekta-Neuromag, Helsinki, Finland) to record magnetic fields from 102 points with a pair of gradiometers. One hundred trials were averaged according to the magnetic signals induced. To allow for alignment of magnetoencephalography and magnetic resonance imaging coordinate systems, we measured the positions of 4 head position indicator coils and 3 anatomical landmarks (the bilateral pre-auricular points and the nasion) with a three-dimensional digitizer (Isotrak, Polhemus, Colchester, VT, USA). At the beginning of each recording session, head position was redefined. All signals were digitized at 1 kHz and bandpass-filtered (0.1-100 Hz). We constructed isocontour maps from measured data at timepoints showing peak amplitudes (i.e., time-points with peak latencies of magnetic components), using minimum-norm estimates. Sources of magnetic fields were modeled as single equivalent current dipoles whose three-dimensional location, orientation, and strength were estimated in a spherical conductor model (Source Modeling; Elekta-Neuromag). Equivalent current dipoles were determined by least-squares search, based on signals from 20-30 channels over the response area. Only dipoles attaining a more than 90% goodness-of-fit were accepted for further analysis, where the entire time period and all channels were taken into account in computations of the parameters of a time-varying dipole model (Shibukawa et al., , 2006 . In this model, the strength of the dipoles was allowed to change as a function of time. They were then superimposed on the brain magnetic resonance images (1.5-T Siemens Symphony system, Erlangen, Germany) to reveal source locations with respect to anatomical structure.
Results are expressed as mean ± the standard error of the mean. We used the Student's t test to determine statistical significance. Values of P < 0.05 were considered significant.
RESULTS
Following non-painful dental pulp stimulation, prominent magnetic fields were observed bilaterally in the parietotemporal region in all participants ( Fig. 2A ). Early and late components were consistently identified within a 300-ms analysis period in the enlarged somatosensory-evoked magnetic waveforms ( Fig. 2B ), selected from both hemispheres (Fig. 2B ), following stimulation of the right maxillary first premolar in all participants. Peak latencies were about 27 ms for the early component and about 71 ms for the late component in the contralateral hemisphere (Table) . Magnetic amplitude in the contralateral hemisphere was about 4.4 fT/cm for the early component, and about 17.6 fT/cm for the late component. However, no other later components were observed following dental pulp stimulation. During electrical stimulation of the median nerve at the wrist, somatosensory-evoked magnetic fields with early and late components in the contralateral hemisphere were also observed (Table) . Electrical stimulation of teeth with no vital dental pulp elicited no responses (Fig. 2B) .
To estimate the location of cortical current source generating somatosensory-evoked magnetic responses, we constructed, from magnetic fields, isocontour maps at peak magnetic components. Estimated dipoles were superimposed on each individual magnetic resonance image to determine source location (Fig. 2C) . Equivalent current dipoles of the early component following dental pulp stimulation were identified along the most inferior part of the posterior wall of the central sulcus, corresponding to the primary somatosensory cortex in the hemisphere contralateral to the stimulated site in all participants (Fig. 2C) . Dipoles of early components with peak latencies of 21 ms following wrist stimulation were also located in the posterior wall of the central sulcus, in the hemisphere contralateral to the stimulated site. However, dipoles corresponding to the wrist site were located superior to dipoles corresponding to sites for dental pulp in all participants. The mean dipole moment (source strength) by dental pulp stimulation was significantly smaller (4.4 ± 2.5 nAm) than that by median nerve stimulation (22.3 ± 4.3 nAm). We compared the mean three-dimensional dipole locations of the early components of evoked magnetic fields between median nerve (open circles) and dental pulp (filled circles) stimulation (Fig. 3 ). Significant differences were observed between locations of dental pulp and median nerve equivalent current dipoles (Fig. 3A) . Distances of dipole locations from dental pulp to median nerve (Fig. 3B) clearly indicated that the location of somatosensory representation of dental pulp in the primary somatosensory cortex was more anterior and inferior to that of the median nerve. Photograph showing dental pulp electrical stimulation of intact maxillary first premolar on the right side with a pair of silver electrodes and a rubber dam. The rubber dam was fixed with a non-metal frame and dental floss instead of a clamp, since metal is unsuitable for magnetoencephalographic studies, because it creates huge magnetic artifacts that contaminate the neuromagnetic sensors. The right first premolar was stimulated, since it is located well away from the midline. 
DISCUSSION
Stimulus intensity for dental pulp was set to 0.8-2.0 mA. This was high compared with that used in earlier studies (around 10 to 100 A; e.g., Mumford and Stanley, 1981) , where pain was actually induced, even at considerably lower intensities. In the present study, however, only non-painful sensations were evoked, since the electrodes were placed on intact dried enamel without conductive paste, to avoid current leakage to other tissues (such as the periodontal membrane) and to obtain pure dental pulp stimulation. However, examples can be found of high-stimulus intensities with a sensory threshold level of 1 mA in recordings of somatosensory-evoked potentials reflecting cortical neuronal activities in humans (Chatrian et al., 1975; Condes-Lara et al., 1981; Lekić and Cenić, 1992 ).
We did not examine cortical responses using painful stimulation, since this resulted not only in a large magnetic artifact, but also in head movement during neuromagnetic recordings. Magnetoencephalographic signals are susceptible to noise contamination by muscle activity, especially by head movement. In our preliminary study, painful dental pulp stimulation induced these "movement artifacts" during recordings, which prevented us from determining the precise location of equivalent current dipoles. When pulpless teeth were stimulated, the person felt no sensation, and we observed no cortical responses, demonstrating that the equipment used allowed for exclusive stimulation of dental pulp.
In the magnetic waveform analysis, early components showed peak latencies of 27 ms, and dipoles producing this were located on the primary somatosensory cortex. These results are in accord with those of monkey studies showing that dental pulp afferents projected to the primary somatosensory cortex with short latencies (24 ms with A-beta conduction velocity) following low-intensity dental pulp electrical stimulation inducing non-painful (indicated by its behavioral response) sensations (Chudler et al., 1985) . Although intradental A-beta nerve fibers were also identified in experimental animals (Cadden et al., 1983; Byers, 1984; Chudler et al., 1985; Närhi et al., 1992; Dong et al., 1993) , no conclusive evidence has been obtained in human dental pulp (Condes-Lara et al., 1981) .
Early components of somatosensory-evoked magnetic fields following electrical stimulation of human orofacial skin have latencies of about 20-30 ms Murayama et al., 2005) , and those following painful orofacial (Hari et al., 1983; Matsuura et al., 2004) . In a study with microneurography in humans, the conduction velocity of A-delta fibers was 20 m/s (Adriaensen et al., 1983) . The conduction velocity of the spinothalamic tract was 8.0 m/s, determined by spinothalamic tract neurons with antidromic activation in the monkey thalamus (Dostrovsky and Craig, 1996) . Conduction velocity of thalamocortical fibers was estimated to be 33 m/s, based on somatosensory-evoked potentials (Desmedt and Cheron, 1980) . Therefore, the latency of cortical neuronal activities carried by A-delta neurons for the hand, as well as for the orofacial area, is estimated at around 100 ms. In contrast, the velocity of Abeta fibers is 2 to 5 times as fast as that of A-delta fibers. Human trigeminal A-beta fibers (inferior alveolar nerves) yielded conduction velocities of 65 m/s (Jääskeläinen et al., 1995) , while the velocity of the trigeminothalamic tract for Abeta neurons was found to be 14.0 m/s in monkeys (Price et al., 1976) . This suggests that, in this study, the cortical responses with a latency of around 20-30 ms reflect the conduction velocity of peripheral A-beta neuron activity.
However, it has been reported that the thresholds and conduction velocities of intradental A-beta and A-delta afferents overlap (Närhi et al., 1992) . In this study, no one felt pain on stimulation. Although non-painful sensations in dental pulp (prepain) can be evoked by low electrical stimulation (Mumford and Stanley, 1981) , pain is the only conscious sensation elicited by physiological (such as thermal, chemical, or mechanical) stimulation in human dental pulp, with first (fast) and second (slow) pain (Edwall and Olgart, 1977; Ahlquist et al., 1984; Cook et al., 1997) . The presence of non-nociceptive afferents in dental pulp is controversial. A-beta fibers did not respond to mechanical stimulation of the intact tooth crown, and both Abeta and A-delta fibers were similarly activated by different stimuli (Byers and Närhi, 1999) . Accordingly, A-beta fibers in dental pulp have been proposed to serve a nociceptive function. However, from the results of this study, it is impossible to determine whether A-beta afferents in human dental pulp are nociceptive. In the present study, the early component of the magnetic signal reflected cortical activation by the intradental afferents with the fastest conduction velocity (also see above). Therefore, although our high temporal analysis showed that the early component of the magnetic signal following dental pulp stimulation provided evidence of intradental A-beta neurons in humans, further study is needed to clarify the functional characteristics of those neurons.
Peak latency for the early component following dental pulp stimulation was slower (27 ms) than that following median nerve stimulation (21 ms) (Table) , although the distance from the wrist to the cortex is considerably longer than that from the tooth. Time of peak latency in the somatosensory-evoked magnetic field is explained by peripheral conduction time in first-order sensory neurons, central conduction time from the brainstem to the primary somatosensory cortex, and the central processing time within the cortical neurons. In this study, values for magnetic amplitude and dipole moment by dental pulp stimulation were significantly smaller than those by median nerve stimulation, suggesting that cortical neurons in the dental pulp-representing area produce only a smallamplitude excitatory post-synaptic potential after stimulation, which elicits delayed onset of spike discharge, due to the slow activation time-course of the potential. Thus, delayed central processing time may be responsible for slower peak latency of early components following dental pulp stimulation, compared with the 20-ms magnetic component following median nerve stimulation at the wrist.
The current sources evoked by dental pulp stimulation were located anterior and inferior to the sources evoked by median nerve stimulation. These results are in line with the somatotopy of the primary somatosensory cortex, showing that the area for the hand is superior to that for the orofacial area (Penfield and Boldrey, 1937; Nakahara et al., 2004; Suzuki et al., 2004; Murayama et al., 2005; Bessho et al., 2007) . The first somatosensory-evoked magnetic response in the primary somatosensory cortex following trigeminal nerve stimulation had (B) Relative distances on X-, Y-, and Z-axes to equivalent current dipoles of early components for median nerve from those for dental pulp stimulation. Statistically significant differences are labeled with asterisks (P < 0.05). ECD: equivalent current dipole.
anteriorly oriented currents with a peak latency of around 15 ms (Nagamatsu et al., 2000) . In the present study, we observed no magnetic component with a peak latency of around 15 ms, which requires higher stimulus intensity of 7 to 9 times the sensory threshold to be activated. However, we showed that dipoles producing the magnetic field following dental pulp stimulation were directed anteriorly (anterior-oriented current). This indicates that the tooth pulp A-beta afferents project to Brodmann area 3b in the primary somatosensory cortex, since the cortical neuron in 3b lies in an anatomically anterior-posterior orientation. Note that the equivalent current dipole of the "initial" cortical response generated by neurons in area 3b has anteriorly oriented currents (Nagamatsu et al., 2000) . Therefore, these observations, together with our results, clearly indicate that the early components of the magnetic signals reflect initial cortical response.
In conclusion, we demonstrated the precise location of the dental pulp-representation area in the human primary somatosensory cortex, and that it receives input from intradental A-beta afferents. These results provide a detailed organizational map of the orofacial area in the primary somatosensory cortex, by adding dental pulp to the classic "sensory homunculus".
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